[1] One hundred seven thermal gradients were measured in shallow surface sediments using the submersible Alvin within a 0.5 km 2 area on and around the 65-m-high, mostly sediment-covered Baby Bare outcrop located on the eastern flank of the Juan de Fuca Ridge. Heat flow values range from 0.35 W m À2 , which is close to the average value (0.27 W m
Introduction
[2] One of the least known parts of global oceanic geochemical budgets is the contribution resulting from fluid transport and chemical exchange within the oceanic crust. Fluid flow is evident in many geologic settings, from mid-ocean ridges and flanks to subduction zones and continental margins. Of these settings the largest flow of seawater is through ridge flanks [e.g., Sclater et al., 1980] . Patterns of seawater flow through the crust and exchange with the ocean are controlled by the distribution of permeability and driving forces, and are additionally influenced by basement relief, variations in sediment cover, and locations of basaltic outcrops, and exposed faults [e.g., Lister, 1972; Fisher and Becker, 1995; Wang et al., 1997; Fisher, 1998; Fisher et al., 2003a] . All of these factors are important at seamounts and at local basement highs that rise above the surrounding sediment plain. These fundamental features of seafloor topography are known to serve as crustal hydrothermal ventilators that may be active for millions of years [e.g., Thompson, 1983; Davis et al., 1992; Villinger et al., 2002; Fisher et al., 2003b] . Understanding hydrogeologic processes within such features is necessary to quantify the role and vigor of circulation through ridge flanks and the effect of this circulation on geochemical budgets.
[3] One such active crustal ventilator is the Baby Bare basement outcrop located on 3.5-Myr-old crust east of the Juan de Fuca Ridge at 48°N [e.g., Davis et al., 1992; Mottl et al., 1998 ] (Figure 1 ). During an Alvin submersible cruise in 1995 we measured thermal gradients in the sediment on and around Baby Bare to (1) find locations where focused formation waters seep from the crust, (2) determine the heat flux, (3) constrain the subsurface thermal regime, and (4) assess the driving force in upper basement. Results from these analyses provide constraints for the longevity of the hydrothermal system at Baby Bare and the importance of ridge-flank venting on global scales. We also sampled the water column immediately above the springs and measured thermal and 222 Rn anomalies. These data coupled with chemical and thermal data from the springs allow us to make an independent estimate of the convective power output from the springs.
Geologic Setting
[4] Baby Bare is located $101 km east of the active Endeavour Segment of the Juan de Fuca Ridge near 48°N (Figure 1 ). The seafloor expression of this basement outcrop, which extends above a flat turbidite plain, is about 1 km long, 0.5 km wide and 65 m high . The Baby Bare volcanic edifice lies on a buried ridge that extends for tens of kilometers in a northnortheasterly direction, and is roughly parallel to the active spreading ridge axis to the west. Another larger basement outcrop named Mama Bare is located along this ridge about 15 km northeast of Baby Bare. Ocean Drilling Program (ODP) Site 1026 was drilled through 229 m of sediment into igneous basement along this ridge about 6.3 km northeast of Baby Bare (Figure 1 ). Another basement ridge running parallel to the Baby Bare ridge is located $7 km to the east. This ridge includes at least one basement outcrop (Papa Bare). ODP Site 1027 drilled through 614 m of sediment into a buried basement valley between these two ridges ( Figure 1 ). High-resolution bathymetric and seismic surveys located two additional basement highs overlain by tens of meters of sediment (Wuzza Bare and Isita Bare) and two basement outcrops located 35 and 52 km to the southwest of Baby Bare (Grinnin' Bare and Grizzly Bare, respectively) [Fisher et al., 2003a] . Sediment surrounding these ridges and outcrops is up to 700 m thick.
[5] The composition of basaltic glass recovered from Baby Bare is consistent with off axis formation [Karsten et al., 1998 ]. In contrast, the underlying ridge formed by on-axis processes [Davis et al., 1997a] ; the Endeavour Segment is currently forming abyssal hills with similar relief [Karsten et al., 1998 ]. On the basis of seismic reflection profiles and microfossil age data [Davis et al., 1997a] , Becker et al. [2000] suggest that Baby Bare is at least 1.7 Myr old, so all of the volcanic heat associated with outcrop emplacement should have dissipated. Thus the hydrothermal activity that we observed is a consequence of regional heating of basement formation fluids having a lithospheric origin.
[6] Several hydrothermal springs and associated communities of thysirid clams were found near the summit of Baby Bare ]. Most of the springs are associated with a fault that strikes roughly parallel to the underlying ridge and to the active spreading ridge to the west with a N25°E strike and a downdrop to the east . The volumetric fluid flux through the Baby Bare outcrop is 4-13 L/s [Thomson et al., 1995; Mottl et al., 1998 ]. Fluid recharge supporting this flow is inferred to occur at Grizzly Bare outcrop 52 km to the south, based on spring, pore fluid, and borehole fluid chemistry, as well as consideration of driving forces and sediment physical properties that preclude the possibility that Baby Bare recharge occurs through surrounding sediments Fisher et al., 2003a] . Thermal and pore water chemical data presented in this study also show no evidence for recharge through the outcrop itself. Baby Bare springs were marked with numbered plastic and syntactic foam markers tethered to a weight and this numbering convention is followed here. Spring temperatures were 22.9°C (Marker 23), 24.5°C (Marker 30), and 25.0°C (Markers 15 and 17) . On the basis of previous results that are consistent with vigorous fluid circulation within upper basaltic basement in this area, measured thermal gradients near the sediment-basement interface, and measured temperatures within basement only kilometers from Baby Bare [Davis et al., 1997a; Fisher et al., 1997 Fisher et al., , 2003a Davis and Becker, 2002; Becker and Davis, 2003] , we surmise that the spring fluids from Baby Bare have cooled from 64°C during ascent. We use a 64°C formation fluid temperature within upper basement in the calculations that follow.
[7] Except for the spring at Marker 17, hydrothermally altered seawater flows from basalt through a veneer of sediment (<0.7 m thick) . The spring at Marker 17 flowed through a 0.7-m-deep circular hole in the sediment formed by gravity coring in 1992, which removed the sediment section and allowed hydrothermal fluid to vent directly from basement to the ocean without the influence of local sedimentary diagenetic reac- Locations for ODP Sites 1026 and 1027 are indicated by a plus sign. The general path for fluid flow within basaltic basement is indicated by the direction of the arrow. Bottom seawater enters basement at Grizzly Bare and is warmed and altered during transport toward Baby and Mama Bares, where it vents to bottom seawater Fisher et al., 2003a] . tions Wheat et al., 2002; McManus et al., 2002] . Additional ''springs'' were generated when push cores were taken from Alvin that removed 20-30 cm of sediment, exposing basalt.
Methods

Outcrop Thermal and Fluid Flow Measurements
[8] One hundred seven thermal gradients were measured using three different thermal probes during thirteen dives with the submersible Alvin. Measurements were taken on and around Baby Bare but were most commonly made near areas of fluid venting. Each probe was inserted using the submersible manipulator and the depth of penetration was gauged with marks on the probe. We used a 60-cm-long five-thermistor probe with thermistors at 5, 15, 25, 35, and 45 cm from the tip during the first dive. After penetration into the sediment the probe was released from the manipulator and temperatures were recorded for 5 to 10 min, about the time required for the temperatures to stabilize. A malfunction did not allow us to make in situ measurements of thermal conductivity. This probe was damaged beyond repair on the second dive. On the third dive we used a low-temperature probe with a single thermistor at its tip. This probe was inserted to a depth of 10 cm. After 5 min a temperature was recorded and the probe was inserted another 10 cm. This procedure was repeated until the final temperature was recorded at a depth of 40 cm below the sediment surface. For the remaining dives we used a 55-cm-long probe with thermistors mounted 4, 14, and 24 cm from the tip, and operations followed those of the first dive.
[9] Two additional tools were deployed, one to monitor effluent temperature and the other to estimate volumetric fluid fluxes from individual springs. Effluent temperatures were monitored using self-contained temperature recorders. These recorders were placed on the basaltic outcrop near Marker 15 and in the gravity core hole at Marker 17. Each recorder was deployed for several days and a measurement was recorded every 0.5 hours. Volumetric fluxes from individual springs were determined by placing an inverted PVC funnel over the spring. Spring waters entered the bottom of the funnel (804 cm 2 ) and exited at the top (3.98 cm 2 ) where we positioned a 20-cm-long rod with 5-cm demarcations. Flow velocities were estimated from visual observations of the rising plumes.
Water Column Thermal and Radon Anomalies
[10] Six conductivity-temperature-pressure-nephelometer (CTD-N) hydrocasts were conducted within a 0.8 km radius of the summit of Baby Bare to determine thermal anomalies and to provide water for chemical analyses. Water sampling focused on the lower 200 m of the water column because previous hydrocasts confirmed the presence of thermal and chemical anomalies within this interval [Wheat et al., 1997] . Seawater samples were collected within this interval with some samples only a few meters above the seafloor to provide a measure of diagenetic (nonhydrothermal) inputs. Seawater samples were taken directly from the spigot of acid-rinsed 30-L niskin bottles into evacuated glass carboys for 222 Rn analyses. This water was then stripped, and the radon was transferred to a scintillation counting system [e.g., Kadko and Moore, 1988] .
[11] Our approach for estimating the advective power output from Baby Bare using 222 Rn, which is a chemically inert radioactive gas with a half-life of 3.85 days, data from the nonbuoyant plume is based on the approach used by Rosenberg et al. [1988] and Gendron et al. [1994] . This technique works well with submarine hydrothermal systems because the concentration of radon in the venting fluids is several orders of magnitude greater than that in bottom seawater [e.g., Dymond et al., 1983; Kadko and Moore, 1988] . However, radon in excess of the local background level ($27 dpm/ 100 L) can be generated within bottom sediments and subsequently mixed into the overlying water through bottom turbulent mixing, potentially competing with radon injected directly into the effluent hydrothermal plume at springs. If the bottom source does not reach the height of the hydrothermal plume, which is the case near Baby Bare, then the venting source of radon is ascertained unambiguously. Here we estimate the standing crop of excess radon in the effluent plume, which is assumed to be at steady state. From the 3.85-day half-life of 222 Rn, this standing crop is converted into a chemical or mass flux of radon from the springs into the overlying plume. An advective power output is estimated from the measured radon/heat ratio of spring fluids.
Calculating Heat Flow Values From Sediment Thermal Gradients
[12] Most of the temperature data were reduced using the methods described by Bullard [1954] and Villinger and Davis [1987] and a constant thermal conductivity of 0.89 (±0.09 s.d.) W m À1°CÀ1 , which was determined from needle-probe measurements in the upper meter of cores recovered nearby during a later expedition [Fisher et al., 2003a] . The heat flow probe is idealized as an infinitely long ''line source'' for frictional heating associated with insertion. Observations are extrapolated to equilibrium temperatures by fitting them to an analytical temperature versus time solution for the specified thermal conductivity. Temperature data for several of the penetrations did not fit the transient cooling model because of additional settling or movement after probe penetration. For these penetrations we estimated equilibrium temperatures by extrapolating the short temperature record to infinite time, minimizing the variance near the end of the temperature record (Table 1 ). In contrast, temperature was not recorded continuously for the eight penetrations using the second, single-thermistor temperature probe. For these measurements we used the last recorded values before the probe was moved to a new depth (Table 1) .
Estimating Heat Flow Components
[13] The sediment drape across Baby Bare outcrop was considered to behave as a boundary layer having fixed upper and lower temperatures. Under purely conductive conditions, heat flow through the sediment is inversely proportional to layer thickness. Fluid seepage perturbs the temperaturedepth profile across the sediment, but total heat flow (q tot ) is still entirely conductive across the upper boundary [Bredehoeft and Papadopulos, 1965] . This idealization applies everywhere except where focused springs occur, since springs allow fluid with a temperature greater than that of bottom seawater to penetrate the seafloor. Focused fluid flow out of springs rises adiabatically at the scales we are considering, and results in heat transport that is entirely advective. But everywhere else, the total heat flow can be partitioned into a conductive component (q con ) and an advective component (q adv ). Making this distinction allows us to assess the relative importance of heat loss mechanisms from the entire outcrop and the volumetric fluid flux. Given the volumetric flux, chemical fluxes can be estimated from the ratio of chemical/thermal anomalies.
[14] Each set of thermal probe data was examined to determine whether the thermal gradient was linear or nonlinear. A gradient was considered to be nonlinear only if systematic curvature could not be explained by reasonable variations in sediment thermal conductivity (up to two standard deviations from the mean). Nonlinear thermal gradients (10% of the data) were analyzed using an analytical model of one-dimensional, steady state advection and diffusion through a layer having fixed upper and lower temperatures [Bredehoeft and Papadopulos, 1965] . The lower boundary of the layer was placed at the depth of the deepest temperature measurement, and the fluid specific discharge or seepage speed (volume flux/area, also known as the ''Darcy velocity'') was estimated using a least squares, best-fit approach. This method is sensitive only to seepage speeds exceeding a minimum value, v z , defined by
where v z is the limit of detectable vertical fluid seepage, l is the thermal conductivity, c o is the heat capacity of seawater (4200 J Kg À1°CÀ1 ), r o is the density of seawater (1024 kg m À3 ), and L is the length of the probe (m). For a 0.5-m-long probe the detection limit is $6.5 m yr À1 . For these measurements q adv is a minimum, since we can not extrapolate downward to estimate the depth to the 64°C isotherm (which we believe to be the base of the boundary layer, see discussion below).
[15] If a measured thermal gradient was linear (meaning that the seepage rate was less than $6.5 m yr À1 ), we examined geochemical data collected from co-located push cores. About 70% of all heat flow measurements had co-located push cores. Geochemical data were fit to an advectiondiffusion model very similar to that used for assessing curvature in thermal data to estimate v z . Because the chemical diffusivity for solutes is about three orders of magnitude smaller than thermal diffusivity, chemical data are much more sensitive to fluid flow ( Figure 2 ) [e.g., Wheat and McDuff, 1995] . At upward fluid seepage rates >2 m yr À1 , solute concentrations within the upper 0.5 m of sediment are practically constant, and there are extreme gradients within the uppermost centimeter of sediment. These extreme gradients are difficult to measure because they are altered by diffusion and physical disturbance during core retrieval and processing [Wheat and McDuff, 1995] . The lower limit on seepage detection using geochemical data from the upper 0.5 m of sediment is $0.005 m yr À1 .
[16] After chemical data were used to estimate v z , this value was used with the advection-conduction model described earlier to estimate the depth to the 64°C isotherm, z 64°C . We had to determine the pore water velocity independently because it is otherwise not possible to downward continue thermal data with confidence. For example, given appropriate sediment properties and a 0.5 m-long probe, the calculated thermal gradient with a temperature of 64°C at a depth of 3.3 m and no fluid flow is the same as that with a temperature of 64°C at a depth of 20 m with an upward seepage rate of 2 m yr À1 ( Figure 3 ). We consider z 64°C to be the base of the boundary layer, allowing calculation of heat flow components. q con across the layer is calculated from z 64°C and a temperature difference of 62.3°C (relative to bottom water). q con is subtracted from q tot (determined with the short probe) to estimate q adv .
[17] The final case is one in which the thermal gradient is linear and there are no co-located chemical data (20% of the data). In this case, q tot ; T (z=0 m) = 1.7°C; T (z=20 m) = 63.5°C. The diffusion coefficient for Mg is 3.82 Â 10 À6 cm 2 s À1 based on the diffusion coefficient at infinite dilution at 2°C [Li and Gregory, 1974] . The diffusion coefficient was adjusted to consider a porosity of 0.85 and a formation factor of 2. The thermal diffusivity is 0.89 W°C À1 m
À1
. 2004GC000700 was determined from probe data, as described above, and relative partitioning into advective and conductive components was estimated through comparison with sites having similar q tot with colocated geochemical data.
Geochemistry Geophysics
[18] We highlight some of the temperature profiles and calculations in Figure 4 to show the range of thermal data that was collected and the goodness of model fits to these data.
Results and Discussion
Power Output From Thermal Measurements
[19] The lowest calculated heat flow value in this study is 0.39 W m À2 , somewhat greater than the predicted conductive value of 0.27 W m À2 for 3.5-Myr-old lithosphere [Davis et al., 1997b] (Table 1) , and upward seepage speeds of 0.02 m y À1 and 130 m yr À1 , respectively.
[21] 2. A second heat flow high is observed west of the main fault along another northeast-trending fault with a relief of 2 m and no evidence for springs . The highest heat flow value along this fault is 9.2 W m À2 (other high values are north of the plotted area in Figure 5 ). This high heat flow is consistent with warm water being present at a shallow depth below the seafloor, but only slow seepage through the sediment (Table 1) . occurs in this area. Here the sediment is generally thicker than along the main fault, illustrating the capability of sediment to slow the egress of formation fluid from basaltic basement.
[22] 3. Heat flow is uniformly much higher over much of the outcrop than through the surrounding area. We refer to this feature later as the ''broad heat flow high''.
[23] In places the sediment was too thin to use the heat flow probe. In such places we determined the local heat flux by placing the inverted funnel over individual springs. For example, formation fluids at Marker 17 rise through a 7.62-cm-diameter hole left by a gravity core barrel into the larger diameter hole that was made from the weight stand. A temperature of 25.0°C was measured in the upper part of this hole. Considering the diameter of the funnel and an estimated exit speed of 4 to 5 cm s À1 , we calculated a volumetric flux of 0.016 to 0.020 L s À1 , corresponding to a power output or heat flux of 0.0016 to 0.0019 MW. Unfortunately the seal between the inverted funnel and the seafloor was not complete and about one third of the flow exited from the base of the funnel. Taking into account this additional flow, the power output is 0.0024 to 0.0029 MW. If this power output is uniformly distributed through the 7.62-cm diameter hole left from coring, the calculated heat flow is 34 to 43 W m À2 from bare basalt. Similar fluid flows were observed at Marker 15 where the inverted funnel was placed on basalt. The fluid exit speed was $1 cm s À1 , resulting in a calculated power output of 0.00038 MW. Assuming this flow is uniform through basalt under the funnel, the calculated heat flow is 0.48W m À2 .
[24] To assess the degree to which changes in tidal pressure or varying bottom water currents may affect our measurements, we deployed two temperature recorders (Figure 6a ). One was placed on bare basalt near Marker 15. The phase relationship between pressure (tidal signal) and temperature is not well defined at Marker 15, but a total temperature variability of about 1.1°C was recorded. This is as large as the average thermal anomaly at this site (Figure 6b ), which suggests that any instantaneous measurement of the power output from exposed basalt could be in error by a factor of two. However, even a value twice as great as that calculated above would still be insignificant when compared to nearby measurements within the sediment.
[25] The other temperature recorder was placed in the hole from which fluids vented at Marker 17. This hole collapsed slightly during submersible operations before the recorder was deployed, resulting in a slightly lower temperature (15°C) than that originally measured (25.0°C) (Figure 6c ). During the first two days of the deployment the recorder measured temperature maxima at times of falling seafloor pressure, i.e., when the pressure gradient in the sediment immediately surrounding the corehole would have been maximized. The range of the measured thermal anomaly is $5%, which has a minor effect on the power output calculation above for direct focused venting of spring waters.
[26] Two days after this instrument was deployed the spring was altered further when we deployed a large instrument that caused the surrounding sediment to collapse into the hole. Sediment covered the recorder, and temperatures dropped to 7°C, presumably because of the reduced advective heat transport (Figure 6d ). The amplitude of the tidal temperature variations decreased, and the sign of the correlation between temperature and pressure reversed: observed temperature maxima corresponded to tidal pressure minima. The continued decrease in temperature during the two-day period following the disruption is probably related to changes in hydraulic impedance as the sediment responds to periodic loading and unloading. The general trend of the temperature maxima corresponding to the tidal pressure minima is consistent with the ocean overlying a confined basement aquifer that responds elastically to tidal loading (i.e., no phase shift [e.g., Davis et al., 2000] ). Thus, during high tide, when the seafloor pressure is highest, the net formation overpressure reaches a minimum, resulting in lower rates of fluid flow and temperatures. If this observation represents the typical condition and the interpretation that the near-seafloor formation-fluid pressure regime in this edifice is dominated by the regional elastic crustal loading response, it implies that the amount of flow from Baby Bare is small relative to the ability of the crustal reservoir to deliver fluid (e.g., high formation capacity and permeability). Semiburied edifices like Baby Bare may provide a good opportunity to monitor regional crustal hydrologic conditions such as the response to plate deformation [e.g., Davis et al., 2001] without the expense of drilling deep boreholes.
[27] We calculate a minimum power output or heat flux of 1.5 MW from Baby Bare by extrapolating our results over the entire feature. Our power output calculation is an order of magnitude greater than that predicted for conductive cooling of 3.5-Myr-old crust (0.14 MW for a 0.5 km 2 area). About one-third of this power output comes from less than 15% of the surface area and $1.3 MW (84%) of the power output is conductive. Our power output is consistent with preliminary estimates of 2 to 3 MW reported by Mottl et al. [1998] , who consider a broader areal extent. If we expand our analysis to include those measurements made during earlier expeditions [e.g., Davis et al., 1997b] , the power output for a 1.65 km 2 area is 2.2 MW. Of this additional 0.64 MW, 0.45 MW is the power output associated with typical crustal heat loss for the area. Our calculated power output for this larger areal extent is at the lower end of the range of 2 to 24 MW based on models of thermal anomalies in the overlying water column [Thomson et al., 1995] .
[28] Calculated depths to the 64°C isotherm (z 64°C ) range from a few meters near and along the main fault to $140 m (Figure 7a) (Table 1) . If we exclude the 29 measurements that were collected along the main fault where z 64°C is <10 m (average of 4.3 m), then the average value of z 64°C is 43 m. A majority of these 55 calculated depths for z 64°C are within the range of 10 to 50 m; only seven values are greater than 80 m (Figure 7b ). This bimodal distribution of isotherm depths results, in part, from our sampling scheme which was skewed toward areas of possible venting. Nevertheless this analysis indicates that z 64°C commonly lies above the surrounding seafloor (Figure 7a ).
[29] Even though we visualize basaltic outcrops as permeable crustal ventilators, faults or highly connected permeable paths that have an expression at the seafloor appear to strongly influence fluid and associated fluxes. This finding illustrates that, even within rocks having high ''background'' permeability, fluids tend to follow the most permeable pathways. It is interesting to note that along the western fault the calculated 64°C isotherm (z 64°C ) is within $13 m of the seafloor. This suggests that only a thin layer of sediment (with or without surficial altered mineralized basalt) is required to preclude the formation of warm springs, but the sediment layer is thin enough to allow some pore water seepage to occur. Even thin sediment layers can ''cap'' highly permeable basaltic crust and limit fluid, heat, and chemical advection. For example, we generated springs by removing only 20 to 30 cm of sediment while taking push cores along the main fault. hydrocasts 1, 3, 9 and 12 the bottom sediment source lies well below the plume at $2590 m depth. This source is particularly well defined by 222 Rn and temperature anomalies from hydrocasts 1 and 3. The integrated excess 222 Rn in the effluent plume for these four hydrocasts ranges from 850 to 5200 dpm m À2 with the smaller values being farther from the summit and springs (Figure 9 ). The observed decrease in radon with distance away from the springs is relatively well fit by the function:
Power Output From Water Column Measurements
where Rn is the integrated excess of 222 Rn (dpm m À2 ) and x is distance (m) from the summit of Baby Bare. Using this function we calculate the excess radon by integrating symmetrically around the summit, resulting in a standing crop of radon of 4.9 Â 10 9 dpm. The advective power output is calculated from the measured radon/heat anomaly in spring fluids. The maximum spring temperature was 25.0°C and the maximum 222 Rn concentration was 2650 dpm L À1 ], yielding a radon/temperature ratio of 0.11 dpm g À1°CÀ1 and a radon/heat ratio of 212 atoms j À1 . Dividing the standing crop (4.9 Â 10 9 dpm) by the radon/heat ratio of the venting fluid results in an advective power output from Baby Bare of 0.39 MW, which is consistent with the difference in the total power output (1.52 MW) and the conductive power output (1.28 MW) derived earlier.
Reservoir Structure
[31] Two-dimensional models for the warm hydrothermal reservoir that underlies seafloor springs have been developed for other settings. These models have focused on either a pipe-like permeable path suitable for high temperature hydrothermal systems on mid-ocean ridges [e.g., Sleep and Wolery, 1978] or a well mixed basaltic reservoir that simulates a basaltic mass above a normally flat basaltic plain [Hardee and Larson, 1980; Stein et al., 1998 ]. Some of the questions that these models Figure 10 . Total and conductive heat flow relative to the distance from a fixed plain defined by the main fault with several modeled profiles. All of the heat flow values greater than 20 W m À2 are not shown but center around the main fault. Calculations from two models are shown with respect to the conductive component of the heat flow. These models consider pipe flow ( Figure 10b ) and a ''top hat'' mixed reservoir (Figures 10c, 10d, and 10e) . A schematic for the ''top hat'' model is shown in Figure 10c . Calculations of this model are provided for transects perpendicular to the main fault (NW to SE; A-A 0 in Figure 5 ) (Figure 10d ) and along the main fault centered at Marker 23 (SW-NE) (Figure 10e ). The data are best fit to simulations with a reservoir that is 70 m wide perpendicular to strike and 100 m wide along strike, which is the distance between Markers 20 and 17. (3) what is the geometry of isotherms within the crust? In the following analysis we present two models and show that a wellmixed, shallow reservoir with an irregular shape, combined with focused pipe-like flow through faults above the reservoir, is consistent with thermal observations. For purposes of comparison, idealized cross-sections are drawn through Baby Bare outcrop along the main fault and perpendicular this feature ( Figure 5 ), and heat flow values are projected onto these profiles (Figure 10 ).
[32] High heat flow values in the vicinity of the main fault are well explained by a vertical, focused flow. For this calculation we used the solution of Sleep and Wolery [1978] for a pipe-like source in a two dimensional radial system. We assume a thermal conductivity of 0.89 W m À1 K À1 , a formation temperature of 64°C, a depth to the 64°C isotherm of 50 m (top of the shallow fluid reservoir), and pipe radii of 0.5 and 10 m. The narrow width of the observed thermal anomaly suggests a narrow feeder zone, but elevated heat flow over the remainder of the edifice requires a shallower depth to the 64°C reservoir (Figure 10b ).
[33] To illustrate how a shallow reservoir can generate a broad heat flow high surrounded by low background values, we present a two-dimensional model that has a reservoir with a flat top, vertical sides, and extends to an infinite depth at its base [Hardee and Larson, 1980; Stein et al., 1998] ( Figure 10c) . Two examples compare results of calculations based on this model to heat flow values. Figure 10d shows heat flow with distance perpendicular to the main fault. Figure 10e shows heat flow along strike of the main fault centered on the location of Marker 23. For each case, we show two combinations of reservoir widths and depths to the top of the 64°C isotherm that are consistent with the regional data; $0.16 W m À2 at 500 m and $0.08 W m À2 at 1000 m. The best fit of model simulations to the data requires a shallow reservoir with the depth to the top of the reservoir (z 64°C ) being <20 m. Given a z 64°C = 10 m, a reservoir that is 70 m wide (NW-SE) and 100 m long (NE-SW) is consistent with the data. This size is reasonable considering the geometry of the outcrop and the distance of 101 m between Markers 20 and 17, which define the range of spring locations along the main fault. This model fails to account for local variability in heat flow, including many relatively low values, which we interpret to indicate that the top of the reservoir is actually irregular, shallower in some areas and deeper in others, with a complex pattern of conduits and faults that feed the springs. This pattern is not a result from local, minor recharge, because coregistered pore water profiles indicate upward seepage or no seepage at all.
Driving Force for Circulation
[34] Fluid driving forces in basement are calculated using Darcy's law, the viscosity of water, calculated pore fluid seepage speeds, and estimated hydraulic impedance. The hydraulic impedance of the sedi- Figure 11 . Sediment thickness determined from the heat flow data are plotted against the sediment thickness calculated assuming a constant DP, an impedance function, and the seepage speeds calculated from pore water chemical data. Three examples are shown that bracket the best fit to the data which results from using a DP of 19 kPa. ment layer is calculated from z 64°C and the empirical relationship for the integrated impedance as a function of depth (z) for a hemipelagic sediment section (I = 1.409 Â 10 13 Â z 2.323 [Giambalvo et al., 2000] ). Calculated pressure differentials range from 0 to 350 kPa (Table 1) ; this large range results from uncertainties in the estimated z 64°C , seepage velocity, and impedance values. The impedance function that we used does not account for authigenic clay minerals, which were evident in most of the cores, and basalt, which has an unconfined permeability structure. Calculated driving pressures are systematically lower near the main fault and higher on the edges of the outcrop.
[35] Excess fluid pressures, originating at the base of the boundary layer, z 64°C , also correspond to a set of temperature-depth profiles. We compare calculations of z 64°C based on a specific driving pressure, impedance function, and seepage speed to z 64°C calculated from seepage speed and observations of the thermal data ( Figure 11) . A reasonable fit to the data is achieved with a mean excess fluid pressure of 20 kPa. This value is essentially identical to the 18 kPa excess fluid pressure measured in the sealed bore hole at ODP Site 1026, 6.3 km to the northeast [Davis and Becker, 2002] . This result is also consistent with numerical calculations of transient, coupled heat and fluid flow for the buried basement ridge [Spinelli and Fisher, 2004] . Because there is greater topographic relief and the presence of warm water above the sediment plain, one might expect the over-pressure at Baby Bare to be higher than that at ODP Site 1026, but any additional overpressure that is potentially generated by having a taller column of warm water in basement could be lost during fluid ascent through the edifice. Given the uncertainties in reservoir geometry, basement temperatures, and other factors, the consistency of these results is reassuring.
Longevity and Significance of Springs at Baby Bare
[36] Sediment cover and crustal permeability have a profound effect on the style and magnitude of heat loss on Baby Bare. As noted above, a few meters of sediment is sufficient to reduce significantly the rate of fluid seepage out of basaltic basement. Given the strong influence of sediment on fluid seepage, how long have Baby Bare springs been active and how long will they continue to flow?
[37] Approximately 10-15 m of sediment deposited along the ridge between Baby and Mama Bares was probably sufficient to force flow through these basaltic outcrops. Given that the oldest sediment at ODP Site 1026 is 1.58 Myr, which is substantially younger than the crustal age of about 3.6 Myr [Davis et al., 1997a] , and an average sedimentation rate of 290 m Myr À1 for the past 0.76 Myr, the hydrothermal system at Baby Bare could have operated for the past 1.2 Myr. A more conservative estimate requires 160 m of sediment to completely shut off flow along the ridge between these two seamounts [Wheat and Mottl, 1994] , resulting in a longevity of 0.22 Myr and providing a greater driving force [e.g., Fisher et al., 2003a] . Given the current turbidite sedimentation rate, the springs at Baby Bare should continue to seep for another 0.19 Myr, and detectable fluid flow through a sediment-covered Baby Bare will continue for an additional 0.55 Myr. These calculations illustrate that the longevity of springs on a ridge flank well exceed similar estimates for the continuous flow of hydrothermal fluids on mid-ocean ridges [e.g., Fornari and Embley, 1995] .
[38] Aside from the sedimentation issue, is the Baby Bare system ''representative'' of typical ridge flank hydrothermal systems? Given an advective power output of 0.3 TW from 3-to 4-Myr crust [Stein and Stein, 1994] and the measured power output from Baby Bare (1.5 MW) relative to a similar sized area (0.1 MW), 2.1 Â 10 5 BabyBare-type hydrothermal systems are required to deliver 0.3 TW. In general there would have to be a Baby-Bare-type hydrothermal system every 15 km 2 for the 3.3 Â 10 6 km 2 of crust that is 3 to 4 Myr in age on a global basis, assuming $58,500 km of mid-ocean ridges [Baker et al., 1996] and an average crustal spreading rate of 55.7 mm yr À1 [Henstock et al., 1993] . Clearly there is not one Baby Bare-type hydrothermal system every 15 km 2 , yet heat must escape from the oceanic crust. To generate more heat loss relative to a Baby-Bare-type hydrothermal system, other more typical ridge flank hydrothermal systems must have (1) greater driving forces, which is possible if circulation penetrates more deeply into the crust, (2) higher permeability, or (3) shorter residence times or pathways. Thus the Baby Bare hydrothermal system is not a typical example of advective heat extraction on ridge flanks. Other systems with less sediment cover and/or greater volumetric fluid fluxes and power output on a regional basis are probably more typical examples (e.g., Galapagos Mounds [Williams et al., 1979; Green et al., 1981; Becker and Von Herzen, 1983; Bender, 1983] ).
Summary and Conclusions
[39] Historical evidence shows that basement topographic highs, outcrops, and seamounts can serve as crustal ventilators for hydrothermally altered seawater [e.g., Lister, 1972; Thompson, 1983] . Baby Bare outcrop is one such active crustal ventilator where springs result from a combination of highly permeable interconnected pathways in basaltic basement, topographically aided thermal buoyancy, and impermeable sediment that limits sites for recharge and discharge. Given the ridgeparallel orientation of faults, normal faults are probably the primary control for the egress of formation fluids from Baby Bare. One result of this fluid flow is a range of measured heat flow values from a background value of $0.27 W m À2 to as high as 490 W m À2 . The highest heat flow was measured in the sediment along the fault, highlighting the importance of faulting for ventilating the crust. There is no evidence that bottom seawater recharges anywhere into the crust at this site, which produces about an order of magnitude higher power output than a similar sized area in the region without crustal fluid ventilation. Instead, recharge for the Baby Bare seamount is thought to occur 52 km to the south-southwest, through another basement outcrop Fisher et al., 2003a] . Only a modest fraction of the power output at Baby Bare is advective, consistent with chemical modeling of 222 Rn/heat anomalies in springs and the overlying hydrothermal plume.
[40] Our analysis indicates that the 64°C isotherm extends above the surrounding turbidite plane and approaches within meters of the seafloor near the springs. This requires a net upward transport of lithospheric heat into the volcanic edifice. The role of sediment in limiting flow from the outcrop is illustrated particularly well along the western fault, where sediment prevents the formation of springs but does allow some seepage to occur. The role of sediment in directing fluid seepage at Baby Bare will likely continue for another $0.8 Myr, orders of magnitude longer than counterparts on midocean ridges.
[41] Although the Baby Bare region experiences an anomalous high sedimentation rate, it is an excellent site to examine hydrothermal processes on ridge flanks. For example, the small size of Baby Bare provides a tractable target for a submersible study and the thick sediment coupled with a young crust produces a warm basement that reacts with formation fluids, allowing easy detection of fluid and heat flow. In addition semiburied edifices like this may provide an opportunity to monitor regional crustal hydrologic conditions such as the response to plate deformation without the expense of drilling deep boreholes. Although it will be more difficult to locate springs at other, more typical and cooler ridge flank hydrothermal sites where formation fluids are little altered chemically, such studies are required if we are to determine how fluid seepage through basement outcrops influences global fluxes of fluids, heat, and solutes.
